• Abstract: Mutations in the free radical-scavenging enzyme copper/zinc superoxide dismutase (Cu/Zn-SOD) are associated with neuronal death in humans and mice. Here, we examine the effects of human wild-type (WT SOD) and mutant (Gly 93 -÷ Ala; G93A) Cu/Zn-SOD enzyme on the fate of postnatal midbrain neurons. Oneweek-old cultures from transgenic mice expressing WT SOD enzyme had significantly more midbrain neurons and fewer necrotic and apoptotic neurons than nontransgenic cultures. In contrast, 1-week-old cultures from transgenic G93A mice expressing mutant SOD enzyme had significantly fewer midbrain neurons and more necrotic and apoptotic neurons than nontransgenic cultures. To subject postnatal midbrain neurons to oxidative stress, cultures were incubated with L-DOPA. L-DOPA at 200 pM caused~-..50% loss of tyrosine hydroxylase (TH) -positive neurons in nontransgenic cultures and even greater loss in transgenic G93A cultures; no alterations were noted in GABA neuron numbers. In contrast, 200 pM L-DOPA did not cause any significant reductions in TH-positive or GABA neuron numbers in transgenic WT SOD cultures. L-DOPA at 50 pM had opposite effects, in that it significantly increased TH-positive, but not GABA neuron numbers in transgenic WT SOD and G93A and in nontransgenic cultures. These results indicate that increased amounts of WT SOD enzyme promote cell survival and protect against L-DOPA-induced dopaminergic neurotoxicity, whereas increased amounts of mutated Cu/Zn-SOD enzyme have inverse effects. As the spontaneous loss and L-DOPA-induced loss of postnatal dopaminergic midbrain neurons appear to be mediated by free radicals, our study supports the view that mutated Cu/Zn-SOD enzyme kills cells by oxidative stress.
Free radicals are presumably key components in the cascade of events that underlie neurodegeneration in disorders such as amyotrophic lateral sclerosis (ALS) and Parkinson's disease (Fahn and Cohen, 1992; Coyle and Puttfarcken, 1993: Beal, 1995) . Normally, free radical concentrations are maintained within a harmless range by protective mechanisms ( Halliwell and Gutteridge, 1991 ) , which include the ubiquitous intracellular enzyme. copper/zinc supcroxide di smutase (Cu/Zn-SOD: EC 1.15.1.1 ). Cu/Zn-SOD's main function is to catalyze the dismutation of superoxide anions into hydrogen peroxide and oxygen: subsequent removal of hydrogen peroxide is facilitated by catalase and glutathione peroxidase. two other free radicalscavenging enzymes (Halliwell and Gutteridge, 1991 ) . Thus, SOD activity may represent the first line of defense of the cells against oxidative stress mediated by oxygen free radicals. Consistent with a protective role for SOD, both in vivo and in vitro studies showed that increased Cu/Zn-SOD activity is associated with greater resistance of different types of cells against free radical-generating insults ( Elroy-Stein et al.. I 9t~6: Chan et al., 1991 : Fluang et al., 1992 : Przedhorski et al., 1992 Yang et al., 1994 . Moreover, increased Cu /Zn-SOD activity proloundly inhibits neuronal death induced by nerve growth factor deprivation or calcium ionophores (Greenlund et al., 1995 : Jordan et al., 1995 : Rabizadeh et al., 1995 and promotes survival and development of primary culture of neurons (Przedborski etal., I 996c) .
About 15% of patients with familial ALS carry mutations in the gene encoding for Cu/Zn-SOD (Deng et al., 1993; Rosen et al., 1993) that are believed to cause degeneration of motor neurons in humans. Supporting this view is the demonstration that expression of Cu/Zn-SOD mutations in transgenic mice replicates the clinical and pathological hallmarks of ALS (Rowland, 1995) . Reduced Cu/Zn-SOD activity can kill cells (Troy and Shelanski, 1994) . However, yeast Cut Zn-SOD null mutants are rescued as efficiently by the mutated Cu/Zn-SOD as by the wild-type Cu/Zn-SOD enzyme (WT SOD) (Rabizadeh et al., 1995) . This suggests that the mutant protein retains significant activity and induces neurotoxicity by a gain-of-function effect (Brown, 1995) that catalyzes oxidation of different substrates by hydrogen peroxide (Cabelli et al., 1989; Yim et al., 1990 Yim et al., , 1993 or enhances free radical formation (Yim et al., 1996) , or both.
Recently, we have developed a mouse culture system in which a progressive and spontaneous loss of mature midbrain neurons occurs in a stable and controlled environment (Przedborski et al., 1996c) . By using this system of primary cultures of postnatal midbrain neurons, we demonstrated that increased WT SOD activity is beneficial to cultured neurons as it significantly slowed the rate of cell death (Przedborski et al., 1996c) . We concluded from this that our culture system provides a convenient in vitro preparation for examining the role of free radicals (Przedborski et al., 1996c) . In light of demonstrations that mutated Cu/ Zn-SOD-induced toxicity may be mediated by a free radical-generating effect, we therefore examined, in the present study, the effect of mutated Cu/Zn-SOD on postnatal neurons in this culture system. Accordingly, we compared the magnitude of survival and of necrotic and apoptotic death occurring in cultures grown from transgenic mice that express WT SOD and from transgenic mice that express a point mutation in exon-4 of the Cu/Zn-SOD gene resulting in the substitution of the amino acid glycine by alanine in position 93 (G1y 93 Ala) (Gurney et al., 1994) ; this substitution is known to he associated with familial ALS (Deng et al., 1993; Rosen et al., 1993) . Because mutated Cu/Zn-SOD appears to have altered reactivity toward free radicals (Wiedau-Pazos et al., 1996; Yim et al., 1996) , we also examined the effect of L-3,4-dihydroxyphenylalanine (L-DOPA), a compound whose inetabolization or autooxidation can cause oxidative stress (Graham, 1978; Cohen and Werner, 1994) and neuronal death in midbrain cultures (Mena et al., 1993; Mytilineou et al., 1993; Pardo et al., 1995; Han et al., 1996) . Supporting the relevance of using postnatal midbrain neurons in studying the effects of mutated Cu/Zn-SOD are (a) the demonstration that mutated Cu/Zn-SOD causes significant loss in midbrain neurons in addition to the loss of spinal cord motor neurons (Kostic et al., 1997) , and (h) the observation that dopaminergic neurons may he particularly sensitive to oxidative stress (Fahn and Cohen, 1992; Coyle and Puttfarcken, 1993; Cohen and Werner, 1994) . We believe that our postnatal culture system may be particularly appropriate for relating experimental findings to neurodegenerative disorders, diseases that affect the mature brain.
MATERIALS AND METHODS

Animals
Hemizygote male (aged 2-k months) SF-2l8~mice (C. J. Epstein's laboratory, University of Califortiia, San Francisco. CA. U.S.A.) overexpressing human WT SOD enzytne were bred with regular CD-I female mice (age 6 weeks; Charles River Laboratories, Wilmington. MA. U.S.A.) to produce transgetiic and nontransgcnic offspring. These mice have been characterized extensively (Epstein ci al., 1987) and carry eight copies of the ht.iman WT SOD gene, presumably in tandem array.
Hemizygote male (aged 2-4 months) G93A mice (C57BL/6 A SJL; The Jacksoti Laboratory. Bar Harbor. ME, U.S.A.) overexpressing mt.itated human Cu/Zn-SOD enzyme were bred with regular CD-I female mice (age 6 weeks: Charles River Laboratories) to produce transgenic and nontransgenic offspring. The transgenic G93A mice carry about eight copies of the mutated human Cu/Zn-SOD gene (M. E. Gitrney. unpublished observations).
The day of delivery was defined as postnatal day I. On postnatal day 1. 20 pl of blood from the tail was collected from each mouse pup and used for SOD activity gel electrophoresis (Epstein et al.. 1987 : Przedborski et al., 1992 . Pups with an extra SOD enzymatic activity band on the nondenaiuring gel that cornigrated with the purified human Cu/Zti-SOD enzyme (Sigma. St. Louis. MO, U.S.A.) were designated transgenic; nontransgenie pups had the mortse Cu/Zn-SOD enzymatic activity band only.
After being categorized, pups were divided into four groups: transgenic G93A pups. nontransgetiie littermates from transgenie G93A pups (nontransgenie G93A pups).
transgenie WT SOD pups. and nontransgenic littermates from transgenie WT SOD pups (nontransgenie WT SOD pups).
Midbrain Cu/Zn-SOD activity in mouse pups
Total and cyanide-resistant SOD activities were determined by a method previously described (Przedhorski et al.. 1996a ) and based on nitro blue tetrazolium reduction of superoxide radicals; xatithine/xanthine oxidase was used to generate a superoxide radical flux. Activity of the enzyme was measured in dissected ventral midbrain of three 2-dayold transgenie G93A and nontransgenie Gc.3A pups; for transgenie WT SOl) and nontransgenic WT SOD putps. midbrain Cu/Zn-SOD activities have been reported previoutsly (Przedhorski ci al., 1996c) .
Postnatal mouse midbrain cell culture
Cultures were established as previously described (Przedborski et al., l996i~). except neurons were grown in serumfree conditions, i.e., no calf serum (see below for details), following the work of Takeshima ci al. (1994) . On postnatal days 2-3, nontransgente pups were used for the preparation of glial monolayers. The rostral half of the cerebral cortex was dissected in ice-colul caleiutm-and magnesium-free phosphatebuffered salitie and cut tim l-min~pieces. The pieces of tissue .1. Neiiiss/iein., Vol. 69, No. I, / 997 were dissociated with 20 U/mI papain in 1.0 mM cysteine. 0.001% phenol red, 116 mM NaCI, 5.4 mM KCI, 26 mM NaHCO~.2 mM NaH 2PO4, I mM magnesium phosphate, 500 pM EDTA, and 25 mM glucose at pH 7.3. Cells were plated at 150,000 per 80-pl well and fed with medium containing 90% minimum essential medium, 10% calf seruim, 0.33% glucose. 5 pg/mI bovine pancreatic insulin, 500 pM gluitamine, 12 U/mI penicillin, and 12 pg/mI streptomycin. At 4-S days after plating, cultures were treated with 6.6 ng/ ml S-lluorodeoxyuridine and 16.4 ng/inl uridine to suppress further cell division. Cells were plated onto glass coverslips attached under 0.8-cm 2 holes in the bottom of 50-mm snap-top polystyrene Petri dishes (Falcon) and pretreated with poly-Dlysine and laminin.
After 2 weeks, ventral midbrain tieuirons were plated onto the glial monolayers. Twenty-four hours prior to plating, glial growth medium was removed, and serum-free neuronal medium was added to each dish following two rinses with serumfree neutronal medium. Preliminary studies demonstrated that preconditioning neuronal medium to the glial monolayer was mandatory for postnatal neuron survival under serum-free cotiditions; if the seruim-free neutronal inediuim was not preconditioned, all postnatal midbrain neurons were dead by 2 days after plating. Conversely, neuron survival increased with the length of the preconditioning period up to 24 h; thereafter. it leveled off. Serum-free neuronal medium contained 47% minimum essential medium, 40% Dulbecco's modified Eagle's medium, 10% Ham's F-12 nuitrient mediutm, 3.4 mg/ ml glucose. t).25% albumin, 500 pM glutamine, 100 pg/mI transferrin, 15 pM putrescine, 30 nM triiodothyronine, 25 pg/ ml insutlin, 200 nM progesterone. 115 nM eorticosterone, 5 pg/mI SOD, 432 U/mI catalase, 500 pM kynutrenate, 12 U/ ml penicillin, and 12 pg/mI streptomycin. Preliminary stuidies showed that serum-free neuronal mediutm. preconditioned for 24 h to glial monolayer, provided neuron survival comparable to neutronal medium suipplemented with 1% calf serum, as utsed previously (Przedborski et al., 1996c) ; the nutinber of tyrosine hydroxylase (TH)-positive neutrons obtained by coumnting eight consecutive fields did not differ (p = 0.53) between 1-week-old mouse cultutres (n = 4) grown in serumfree conditions [13.3 © 1 (mean © SEM)] and I-week-old mouse cultures (n = 4) grown with calf serum (12.6 ±2). On the day of neuron plating, postnatal day 2 mouse pups were anesthetized (Przedborski et al., 1996c) , and blocks of tissues containing the ventral midbrain were prepared as described previously (Przedborski et al., 1996 c) . Ventral midbrain neuirons were then dissociated as described (Przedborski et al., 1996c ) and plated at 80,000 cells per well. At I day after plating, 5-fluorodeoxyuridine was added to each dish (as above). Cultures were maintained at 36.7°C in 5% CO 2 until use. Cultures were mairmtained in serum-free medium at all times.
To study L-DOPA neurotoxicity, different concentrations of L-DOPA (RB!, Natick, MA, U.S.A.) ranging from 0 to 200 pM (final concentration) were tested in 5-day-old transgenie and nontransgenic cultures by adding 50 p.1 of sterile water; control cultures received 50 p 1 of sterile water only. All cultutres were incubated for 48 h with m.-DOPA or water before being processed for quantitative morphology (see below).
Cell culture immunohistochemistry for TH, GABA, and human Cu/Zn-SOD Flutoreseent and nonfluorescent immunohistochemistry were performed as previously described (Przedhorski et al., 1996c ) on 4% paraforinaldehyde-fixed cultures. TH-positive neumrons were identified by either a moutse monoclonal anti-TH antibody (1:1,000: Chemieon. Temecula, CA, U.S.A.) or a rabbit polyclonal anti-TH antibody (1:1,000: Eumgene Tech, Ridgefield Park. NJ. U.S.A.), GABA neurons by a polyclonal anti-GABA antibody (1:1,000: Sigma), and human Cu/Zn-SOD-positive neurons by a mouse rrtonoelonal anti-human Cu/Zn-SOD antibody (1:300: Sigma), as previously described (Przedborski et al., 1996c) . Fluorescent secondary antibodies were goat anti-rabbit antibody-conjuigated to fluorescein (1:100; Vector Laboratories, Burlingame, CA, U.S.A.) and horse anti-mouse antibody-conjugated to Texas Red (sulforhodaniine 101, 1:100: Vector). To assess the specificity of TH, GABA. and human Cut/Zn-SOD immumnostaining, the primary or secondary antibody was omitted. None of these conditions was associated with identifiable specific immunofluoreseence. In some experiinents, we used a bmotinylated-conjugated monoclonal secondary anti-mouise antibody (1:200: Vector) and a horseradish-conjugated avidin/biotin complex (Vector); immunostaining was then revealed by ulitmrninobenzidtne/hydrogen peroxide.
Assays of cell survival and death
To quantify the nutmher of living amid dead cells, we used the memnhratie-imnpermeant DNA dye ethidium homodimer to identify cells in which plasma membrane integrity was disrupted, and the membrane-permneant dye calcein acetoxymethyl ester was umsed to label live cells (Live/Dead; Molecumlar Probes, Eumgene, OR, U.S.A.) (Cubells et al.. 1994 : Przedborski et al., 1996c ). Cultures were washed and then incubated with 4 pM ethidiummn homodimer amid 2.5 pM calcein acetoxymnethyl ester for 10 mm at 25°Cbefore examination with an inverted flutorescence microscope (x200).
To stuidy the morphology of dying cells in smtut, we used the membrane-pernmeant hisbenzimnide dye Hoechst 33342 (Molecular Probes), which stains numclei in both live and dead cells (Przedborski et al., l996c) . Cultures were fixed (4% paraformaldehyde), washed. and themi incubated with 8 pg of Hoechst dye for 10 nun at 25°C,before examination with an inverted flumorescence microscope (X200-400).
Morphological criteria for miecrosis and apoptosis were as described (Przedborski et al., I 996c) : necrosis: loss of plasma membrane integrity, as evidermeed by the emitry of the impermeant red dye (ethidiumn homodimimer) and diffuse nuclear staining without discernible chrornatin clumps: apoptosis: preservation of mieumronal morphology (phase contrast) with numelear shrinkage and chromatin clumps as evidenced by the dye Hoechst 33342.
Measurement of L-DOPA level, lactate dehydrogenase (LDH) activity, and quinone formation
To measure intracellular L-DOPA levels, cultures were incubated for I h with 0, 50, or 200 pM L-DOPA (RBI) in the presemice of 25 pM carbidopa (Sigma). At the end of the incubation, cumltures were placed omi ice amid rinsed (2 A I mm) with ice-cold 0.1 M phosphate buffer. Then, 100 pl of 0.2 M perchloric acid containing 0.1 pg/mI dmhydroxybenzylaniine as intermial standard was loaded to each well and, after a I 5-mm incubation (at 4°C),cells were scraped off. The whole contents of each well were themi collected and briefly sonicated prior to centrifumgation ( 15,000 g for 10 mm at 4°C). Pellets were rmsed for protein determination (Lowry et al..
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FIG. 1. Essentially all TH-positive (B)
neurons from transgenic G93A cultures express human Cu/Zn-SOD (A). Immunostaining for human Cu/Zn-SOD is present in cell bodies and extends to all neuronal processes. Culture preparations and immunostaining were performed as described in Materials and Methods. Scale bar = 20 pm.
1951) anul supernatants filtered ( spimi filter. 0.2 pin nylomi: Whatman, Hillshoro, OR. U.S.A.). The resumlting filtrates were amialyzed by HPLC with electrochemical detection (Przedborski ci al., 19961)) umsing a Coularray eight-chamimiel system (ESA. Chelmsford, MA, U.S.A.). Data were collected and processed on a computerized data mnaiiager (ESA ). The miimnimiium amount of m.-DOPA detected was lOt) fmol.
1..DH activity was mneasumm'ed in the cumltumre media rising a coupled emizymatmc reaction whereby the tetrazoliumim salt is redumeed in formazan (Cytotoxmcity Detectiomi kit; BoehringerMannhemmn, Indianapolis, IN, U.S.A.) following the mnanufactumrer's recommendations. For each samnple. the optical density at 490 nmim was recorded amid converted to LDH activity (in units per liter) umsing a standard curve generated with purified LDI-1 from hog mnuscle (Boehringer-Mamimiheimii).
Qutinone formation, umsed as a measuire of the rate of DOPA aumtooxidation, was determimied using a spectronmetric method by reading the optical density of the samples at 490 rim (Heikkila and Cohen, 1973) , as previously described (Pardo et al., 1995) . In preliminary studies, we found that 200 pM -DOPA did not affect the pH of the culture medium (which is bumffered by bicarbonate and C0 2) or the color of the pH indicator.
Cell culture counts and statistics
Valumes are expressed as means ± SEM for three to six indepemident experimiments. Each experimiment corresponds to at least three transgenic and three nontransgenie neuronal cultures from the same litters per point and per techniqume. In each cumlture, five to 10 consecutive fields (A 100-200) were eoumnted either in phase (total nummimber of neutrons and TH-uliamninobemizmdine staining) or in flumorescence (numimber (A and B) , transgenic WT SOD cultures (C and D), and transgenic G93A cultures (E and F) incubated with (B, D, and F) or without (A, C, and E) 200 pM L-DOPA, illustrating the density of TH-positive neurons in these different conditions. In the absence of L-DOPA, TH-positive neuron density is respectively greater in transgenic WT SOD culture (C) and smaller in transgenic G93A culture (E) than in nontransgenic culture (A). L-DOPA decreases TH-positive neuron density in nontransgenic culture (B). This effect is even more marked in transgenic G93A culture (F). In contrast, there is no obvious change in TH-positive neuron density in transgenic WT SOD culture exposed to L-DOPA (D). Culture preparations and immunostaining were performed as described in Materials and Methods. Scale bar = 30 pm.
FIG. 2. Photomicrographs representative of nontransgenic postnatal midbrain cultures
of human Cu/Zn-SOD-positive, TH-positive, and GABA neurons). To determine the proportion of dead or apoptotic neurons, at least 200 healthy neurons were counted per cumltumre. Differemices between mneamis were analyzed using a two-tailed Student's t test. Differences among means were armalyzed using one-way ANOVA with the different types of mice as the independent factor. When ANOVA showed significant differences, pairwmse comparisons between means were tested by Newmnan-Keuls post-hoc testing. In all antdyses. the nutll hypothesis was rejected at the 0.05 level. All statistical analyses were performed using SigmaStat for Wimidows (version 2.0, Jandel Corp., San Rafael, CA, U.S.A.).
RESULTS
Transgene expression in postnatal mouse midbrain
We showed previously that Cu/Zn-SOD activity is threefold higher in midbrain homogenates from 2-dayold transgenic WT SOD mouse pups compared with their nontransgenic WT SOD littermates (Przedborski et al., 1996c) . Now, we show that Cu/Zn-SOD activity is fourfold higher in midbrain homogenates from 2-day-old transgenic G93A mice (431.4 ±26.2 U/mg of protein; n = 3) compared with their nontransgenic alues represent mean TH and GABA neuron numbers it SEM of four to seven independent experinients. Each experiment consisted of counting eight consecutive fields (±200)from at least three tramisgenic and three nontransgenic cultures.
"p < 0.01, "p < 0.05, significamithy different from nontransgenic value.
G93A littermates (103.7 ± 18.1 U/mg of protein; n = 3).
Midbrain cultures
In preliminary studies, we confirmed by TH immunostaining that the set of anatomical landmarks defined previously (Przedborski et al., l996c) to assure reproducible ventral midbrain dissection was valid in all four groups of mouse pups. Consistent with our previous work (Przedborski et al., 1996c) , we found that TH-positive and GABA neurons represented >90% of all neurons present in 1-week-old transgenic (WT SOD and G93A) and nontransgenic cultures.
Identification and distribution of human Cu/Zn-SOD in midbrain cultures
More than 95% of cultured postnatal midbrain neurons grown from transgenic WT SOD pups expressed human Cu/Zn-SOD (Przedborski et al., 1996c) . Similarly, we found that virtually all neurons showed strong immunoreactivity for human Cu/Zn-SOD in I-weekold transgenic G93A cultures; note that only neurons appeared to be specifically immunostained. Human Cu/Zn-SOD immunoreactivity was observed in cell bodies, in axons, and in dendrites (Fig. IA) ; in nontransgenic G93A cultures, no positive immunoreactivity for human Cu/Zn-SOD was observed (data not shown). By a double-staining procedure, we demonstrated that all TH-positive (Fig. I) neurons coexpressed human Cu/Zn-SOD in the transgenic G93A cultures. Although we did not examine whether GABA neurons coexpressed human Cu/Zn-SOD, it is likely to be the case, because essentially all neurons were immunostained for human Cu/Zn-SOD and GABA neurons were the predominant category of neurons in our culture system (see above).
Survival and morphology of cell death in midbrain cultures
All transgenie and nontransgenie cultures were plated at the same density of neurons (see Materials and Methods), resulting in the same number of neurons 24 h after plating. Consistent with our previous work (Przedborski et al., 1996c) , 1-week-old transgenie WT SOD cultures showed significantly more TH-positive neurons than nontransgenie WT SOD cultures (Fig. 2, Table I ). Conversely, I-week-old transgenic G93A cultures showed significantly fewer TI-I-positive neurons than nontransgenic G93A cultures (Fig. 2 , Table I ). The number of GABA neurons did not differ among the four types of cultures (Table I).
Transgenic WT SOD cultures also showed significantly fewer apoptotic and necrotic neurons and significantly lower extracellular LDH activity than nontransgenic cultures (Table I ). In contrast, transgenic G93A cultures showed significantly more apoptotic and necrotic neurons and significantly higher extracellular LDH activity than nontransgenic cultures (Table I) .
Effects of L-DOPA on midbrain neuron numbers
The effect on midbrain neuron number of different concentrations (0-200 pM) of L-DOPA was first examined in nontransgenic WT SOD cultures (Fig. 3) . One-week-old cultures exposed for 48 h to 50 ftM L-DOPA showed significant increases in the number of TH-positive neurons compared with vehicle-incubated sister cultures (Fig. 3A) . Conversely, cultures exposed to 100 or 200 pM L-DOPA showed significantly fewer TH-positive neurons compared with cultures exposed to 50 p.M L-DOPA (Fig. 3A) ; only cultures exposed to 200 pM L-DOPA showed significantly fewer THpositive neurons than vehicle-exposed cultures (Fig.  3A) . None of the tested concentrations of L-DOPA altered significantly the number of GABA neurons (Fig. 3B ). An identical profile of dose-response was found in nontransgenie G93A cultures (data not shown).
A dose of L-DOPA (200 pM) caused dramatic reductions in the number of TH-positive neurons in nontransgenic cultures and even greater reductions in transgenic G93A cultures (Figs. 2 and 4A ). did not cause any alteration in GABA neuroii numbers (Fig. 6B) .
i~-DOPAlevels and quinone formation
Intracellular L-DOPA levels were measumreul after a I-h incubation (Table 2) . [-DOPA levels increased significantly and in a dose-dependent fashion inside the cells, although intracellular levels of' L-DOPA varied greatly amimong transgemiic and nontransgemiic cumltumres (Table 2) . Moreover, in transgemmic cultumres there was a trend toward higher intracellrmlar levels of 1,-DOPA compared with nontransgenic cultures (Table 2) .
Extracellular quinone formation was also comparable among the four types of cultrmres and was not enhanced by 50 pM 1,-DOPA (Fig. 8) . In contrast, 200 pM L-DOPA significantly increased quinone formation in all four types of cultures (Fig. 8) and lent a distinct brown cast to the mitedium. Increased quminone f'ormation was significantly greater in tramisgenie WT SOD cultLires (Figs. 2 and 4A ). This concentration of I-DOPA also had no significant effects on the number of GABA neurons in any of the four types of cultures (Fig. 4B) . Moreover, 200 pM L-DOPA significantly increased the percentage of both necrotic and apoptotic neurons, as well as the activity of extracellular LDH in nontransgenic cultures (Fig. 5) . All of these changes were at least as great in transgenic G93A cultures (Fig.  SD-F) , whereas none of these were significant in transgenie WT SOD cultures (Fig. 5A-C) .
A dose of L-DOPA (50 pM) caused significant increases in TH-positive neuron numbers in all four types of cultures (Fig. 6A) . The effect was, however, most prominent in nontransgenie cultures (Figs. 6 and 7) , followed by transgenic WT SOD, and was least prominent in transgenic G93A cultures. L-DOPA at 50 pM ,,,,,, 1,,',,,, V,~l69, N,, I, 1997 cultures compared with the three other types of cultures (Fig. 8) .
DISCUSSION
The present study shows that 1-week-old postnatal midbrain cultures from transgenic WT SOD mouse pups have significantly more dopaminergic neurons, as defined by TH immunostaining, than cultures from their nontransgenic littermates (Fig. 2, Table I ). It also shows that transgenic WT SOD cultures contain fewer necrotic and apoptotic neurons and have lower extracellular LDH activity than nontransgenic cultures (Table I ). This confirms our previous observation that a chronic increase in WT SOD activity of up to fourfold does not carry any detrimental effect, but, on the contrary, improves survival of cultured midbrain neurons (Przedborski et al., l996c ). The present conclusion is consistent with the observation that increased WT SOD activity improves survival and development of dopaminergic neuronal grafts (Nakao et al., 1995) and inhibits neuronal death, whether induced by trophic factor withdrawal or by calcium ionophores (Greenlund et al., 1995; Rabizadeh et al., 1995) .
In striking contrast with the observed beneficial effect of WT SOD, 1-week-old postnatal midbrain cultures from transgenic G93A mouse pups have significantly fewer dopaminergic neurons than cultures from their nontransgenic littermates (Fig. 2, Table 1 ). Also, transgenic G93A cultures contain more necrotic and apoptotic neurons and have greater extracellular LDH activity than nontransgenic cultures (Table 1 ). These findings indicate that the Cu/Zn-SOD mutation tested here, G1y 93 -~Ala, transforms the wild-type enzyme from an inhibitor of neuronal death to a promoter of neuronal death. Relevant to this is the demonstration that two other Cu/Zn-SOD mutations, Ala4 -p Val and G1y37 -p Arg, enhance cell death in immortalized rat nigral neurons (Rabizadeh et al., 1995) . Although in this latter study the effect of mutated Cu/Zn-SOD is apparently assessed on apoptosis only, we show here that the mutated enzyme stimulates both apoptosis and necrosis in primary cultures of mature neurons (Table  1) . Furthermore, the observed dopaminergic neurotoxicity of the mutated Cu/Zn-SOD on cultured midbrain neurons is in agreement with our recent demonstration that transgenic G93A mice, in addition to having severe motor neuron loss in the spinal cord, have significant dopaminergic neuronal loss in the ventral midbrain (Kostic et al., 1997) .
Midbrain Cu/Zn-SOD activity is fourfold higher in transgenic G93A mouse pups compared with their nontransgenic littermates. Thus, we demonstrate by using an identical method that both transgenic WT SOD and transgenic G93A mouse pups have a comparable magnitude of increased midbrain Cu/Zn-SOD activity. Of note, the Gly'13 -* Ala mutant and WT SOD enzymes dismutate superoxide radicals with equal potency (Yim et al., 1996) . This is supported further by the demonstration that transfected cells expressing the Gly93 -Ã la mutant or WT SOD enzyme are similarly resistant to paraquat (Rabizadeh et al., 1995) , an herbicide that stimulates the production of superoxide radicals (Halliwell and Gutteridge, 1991) . Thus, the detrimental effect of the mutated enzyme on the survival of cultured postnatal midbrain neurons is likely mediated by a mechanism distinct from the dismutation property of Cu/Zn-SOD.
The present study shows that 200 pM L-DOPA causes '-~50%reduction in the numbers of TH-positive neurons in postnatal midbrain cultures grown from nontransgenic mouse pups (Figs. 2 and 4) . L-DOPA at 200 pM also causes marked increases in the proportion of necrotic and apoptotic cells (Fig. 5) , as well as in extracellular activity of LDH compared with vehicle-incubated sister cultures (Fig. 5) . Altogether, these findings support the fact that 200 pM L-DOPA actually kills dopaminergic neurons in our culture system rather than simply reducing the expression of the phenotypie marker TH. This interpretation is in agreement with similar studies performed in rat embryonic (Mena et al., 1993; Mytilineou et al., 1993; Pardo et al., 1995) and postnatal (M. A. Mena et al., unpublished observations) midbrain cultures. Our experiments also demonstrate that postnatal dopaminergic neurons challenged with 200 pM L-DOPA die by necrosis and to a much lesser extent by apoptosis (Fig. 5) . Other dopaminergic neurotoxicants apparently kill cultured cells mainly by apoptosis (Hartley et al., 1994; Walkinshaw and Waters, 1994) . As the propensity to die by apoptosis may not depend only on the toxin, but also on the severity of the insult (Hartley et al., 1994) , we cannot exclude that lower doses of L-DOPA would have been associated, like the other toxins, with a predominately apoptotic form of death.
Transgenic WT SOD cultures exposed to 200 pM 1.-DOPA showed no significant reductions in the number of TH-positive neurons (Fig. 4) and significantly fewer necrotic and apoptotic cells (Fig. 5) . Elevated Cu/Zn-SOD activity can stimulate lipid peroxidation (Elroy-Stein et al., 1986; Ceballos-Picot et al., 1991) and impair monoamine transport across the plasma membrane (Elroy-Stein and Groner, 1988) . This raises the possibility that the lack of toxicity in transgenic WT SOD cultures is due to low intracellular levels of L-DOPA. This appears unlikely, as we demonstrated that intracellular levels of L-DOPA tended to be higher, although not significantly, in transgenic WT SOD cultures compared with the nontransgenic cultures (Table  2) . Accordingly, increased WT SOD activity appears actually to confer resistance against L-DOPA-induced toxicity. Because L-DOPA-induced toxicity on cultured cells is believed to be mediated by free radicals (Cohen and Werner, 1994 ), our conclusion is in line with other studies showing that increased Cu/Zn-SOD provides greater resistance against toxicity induced by various free radical-generating insults (Elroy-Stein et al., 1986; Chan et al., 1991; Przedborski et al.. 1992; Yang et al., 1994; Beal et al., 1995) . The present study also supports the fact that a critical component in L-DOPA-induced toxicity is played by superoxide radicals, in that Cu/Zn-SOD's main function is to detoxify these reactive oxygen species. Although one major target of this L-DOPA-generated oxidative stress may be the mitochondrial electron transport chain (Przedborski et al., 1993) , otmr study suggests that the source of free radical formation is likely cytoplasmie, because Cu/Zn-SOD is a cytosolic enzyme. This view is consistent with the work of Basma et al. (1995) DOPA neurotoxicity, increased mutant Cu/Zn-SOD activity enhanced it. Indeed, transgenic G93A cultures exposed to 200 pM L-DOPA showed even fewer THpositive neurons than the nontransgenic controls (Figs. 2 and 4) and as much neuronal death by both necrosis and apoptosis as the nontransgenic controls (Fig. 5) . It is hypothesized that Cu/Zn-SOD mutants exert their deleterious effects, at least in part, by stimulating the oxidation of various intracellular compounds by hydrogen peroxide (Wiedau-Pazos et al., 1996; Yim et al., 1996) . This is supported by the demonstration that G1y 93 -~Ala mutant catalyzes the oxidation of a model substrate, the spin trap 5,5-dimethyl-1-pyrroline N-oxide, by hydrogen peroxide at a higher rate than the wild-type enzyme (Wiedau-Pazos et al., 1996) . Aside from producing superoxide radicals, L-DOPA can also produce hydrogen peroxide (Graham, 1978) . The Values represent mean L-DOPA levels ± SEM of four independent experiments. L-DOPA was measured in cellular extract after a I-h incubation in the presence of 25 pM carbidopa by HPLC as described in Materials and Methods. Values between transgenic and nontransgenie cultures did not differ significantly (Student's t test; p > 0.05). ND, not detected. present findings, therefore, suggest that the deleterious effects of the mutated Cu/Zn-SOD can be enhanced by hydrogen peroxide generators.
In addition to superoxide radicals and hydrogen peroxide, extracellular quinones may also play a role in mediating L-DOPA neurotoxicity (Graham, 1978; Cohen and Werner, 1994) . Extracellular L-DOPA may autooxidize and thus produce quinones (and probably other oxidized metabolites, such as neuromelanin, which may not be adequately detected by our procedure). In the present study, we hypothesize that some deleterious effects of L-DOPA may be mediated by quinones, which, after being produced extracellularly in large quantities (Fig. 8) , may enter the cell and participate in free radical-induced damage to intracellular constituents (Graham, 1978; Cohen and Werner, 1994) . However, by looking at quinone measurements in the different types of cultures (Fig. 8), we were unable to demonstrate a clear relationship between the extracellular quinone level and TH-positive neuronal death. Indeed, transgenic WT SOD cultures, which were resistant to 200 pM L-DOPA-induced toxicity, showed significantly higher levels of quinone than the nontransgenie cultures (Fig. 8) , whereas transgenic G93A cultures, which were more affected by 200 pM L-DOPA than nontransgenic cultures, showed levels of extracellular quinone similar to those of nontransgenic cultures (Fig. 8) . This suggests that extracellular quinones likely do not play a significant role in L-DOPAinduced toxicity in cultured TH-positive neurons. Alternatively, extracellular quinone levels may not be adequate markers for assessing quinone-mediated cy- totoxicity, and more meaningful conclusions may be drawn from intracellular quinone and/or neuromelanin measurements. Additional experiments are required to clarify this question.
A low dose of L-DOPA (50 pM), instead of decreasing the TH-positive neuron number, dramatically increased it in all four types of cultures (Figs. 6 and 7) . For instance, the numbers of TH-positive neurons in transgenic cultures were increased by°-.°200%; although also seen in transgenic WT SOD and G93A cultures, the phenomenon was less impressive in these cultures. As both transgenic and nontransgenic postnatal TH-positive neurons are, to different extents, progressively dying in our culture system (Przedborski et al., 1996c) , it is possible that 50 p.M L-DOPA is paradoxically slowing down the rate of midbrain neuronal death. Alternatively, it is possible that 50 pM L-DOPA induces TH expression in nondopaminergic neurons. Indeed, de novo expression of TH can be achieved in striatal neurons exposed to L-DOPA and acidic fibroblast growth factor (Du and lacovitti, 1995) . Although this was demonstrated in embryonic neurons, we cannot exclude with absolute certainty that a similar phenomenon contributes to the observed greater number of TH-positive neurons in postnatal cultures exposed to 50 p.M L-DOPA. However, a 50 pM L-DOPA-induced increase in TH-positive neurons is also observed in postnatal midbrain cultures from rats (M. A. Mena et al., unpublished observations) . Further, in this study, evidence is presented supporting the factthat a low dose of L-DOPA is not recruiting new TH-expressing neurons, but is attenuating neuronal death. L-DOPA increases intracellular contents of reduced glutathione, which in turn attenuates free radical-induced neurotoxicity (Mytilineou et al., 1993; Han et al., 1996) . In light of this, it can be speculated that L-DOPA may enhance free radical-protective mechanisms sufficiently to prevent oxidative stress produced by 50 pM, but not by 200 pM L-DOPA. Additional studies are needed to elucidate the actual mechanism underlying the beneficial effect of 50 pM L-DOPA, as well as to clarify the reasons why transgenic WT SOD and G93A cultures exposed to 50 pM L-DOPA exhibited less profound increases in TH-positive neuron number.
In conclusion, we confirm that threefold increased SOD activity by WT SOD enzyme promotes neuron survival and protects against free radical-mediated insults. We also demonstrate that, in contrast, fourfold increased SOD activity by mutant Cu/Zn-SOD enzyme has entirely opposite effects on neuron survival and resistance to L-DOPA-induced toxicity. As the magnitude of increased SOD activity is not markedly different between cultures from transgenic wild-type and mutant Cu/Zn-SOD mice, this study provides additional support to the view that mutated Cu/Zn-SOD enzyme may cause deleterious effects via an altered function. Although we did not elucidate the actual nature of this gained function, the L-DOPA data presented here are consistent with the current hypothesis that mutated Cu/Zn-SOD enzyme interacts with or enhances the formation of free radicals, subjecting the cell to oxidative stress, which in turn may eventually lead to cell death.
